Introduction
Cold atmospheric pressure plasma jets (APPJs) are able to generate chemically reactive species desired for material processing [1, 2] and biomedical applications such as wound healing, disinfection and decontamination [3, 4] . While a great amount of attention has been devoted to characterizing these APPJ sources [1, [5] [6] [7] [8] and applying them to cell culture studies [9] , in vitro experiments [10] , clinical trials [11] and other applications, comparatively little is known about the interaction mechanisms between cold atmospheric pressure plasma and cells, biomolecules, polymers [12] or dielectrics [13] . Since both plasma source and material surfaces are constantly exposed to the surrounding ambient, the gaseous environment is coupled with the plasma and material surface and influences plasma-surface interactions (PSI). In particular for plasma medicine applications, plasma sources are operated in a humid air environment which contains water vapor that might play an important role in both gas phase and surface characteristics since the dissociation of H 2 O can initiate a wide variety of plasma and surface chemical processes [14] . Previously we reported plasma processing of model polymers and biomolecules by kHz double ring-APPJ [15] [16] [17] , kHz pin-APPJ [18] and surface micro-discharge [19, 20] sources using well-controlled environments. Surface chemical modification by these plasma sources was generically observed, whereas etching was highly source dependent. The lack of the quantified reactive species measurement for these plasma sources impedes the interpretation of the material surface response with plasma treatment. In the present work, the surface interaction of a well-characterized time modulated radio frequency (RF) plasma jet with model polymers is investigated using both controlled and uncontrolled environments. This plasma source has been previously described [21] and studied in detail including flow dynamics [22] , gas temperature [21] , electron density and temperature [21] , biochemically reactive species density such as NO [23] , O and O 3 [24] . The numerical simulations of the NO and the O density profile in the plume region have also been performed which predict significant quenching of O and NO density with additional water impurities in the feed gas [25] . Thus the available information provides the opportunity to improve our understanding of PSI under atmospheric pressure. In this work we have investigated the interaction of the RF jet with several model polymers namely polystyrene, poly(methyl methacrylate) (PMMA) and poly(vinyl alcohol) (PVA). We find that the RF jet can induce fast polymer etching but mild chemical modification, both of which reflect plasma treatment conditions such as feed gas composition, composition of the gaseous environment and treatment distance. Based on measured atomic O density data of this source [25] , we provide evidence of direct relation between polymer etching rate and incident atomic O flux onto material surface. By introducing H 2 O from either the feed gas or the environment to Ar/O 2 plasma, we also demonstrate the quenching of atomic O by water vapor (H 2 O) predicted by the simulation [25] .
Experiments and methods
A schematic diagram and optical image of the time modulated RF jet are shown in figure 1 . The jet consists of a 1 mm diameter RF driven tungsten needle surrounded by a quartz tube (3 mm outer, 1.5 mm inner diameter) around which is wrapped by a grounded copper ring electrode. A total flow of 1.5 standard liters per minute (slm), either of pure Ar or Ar plus 1% molecular gas admixture, is fed through the quartz tube. The molecular gas admixtures that we have studied include air, O 2 , H 2 O and O 2 /H 2 O mixtures. The plasma is generated using a 20 kHz time modulated 13.3 MHz RF signal with 20% duty cycle (10 µs on, 40 µs off). The average dissipated power by the plasma is measured using the method described elsewhere [21] . In order to avoid direct coupling of a charged species with material surfaces [26] , the average dissipated power applied to the jet is maintained as 0.83 W for pure Ar and 3.8 W for Ar plus 1% molecular gas admixture. These values are close to the maximum power without direct coupling to the surface at the closest treatment distance studied (4 mm) while maintaining a comparable plume length for all treatment conditions.
Since the plasma plume has a small cross sectional area (0.018 cm 2 ) due to the small inner diameter (1.5 mm) of the quartz tube, the RF jet is mounted on a 2D scanning stage to produce uniformly treated material surfaces that can be more easily characterized. As shown in figure 1(a) , the jet scans over the polymer surfaces with a speed of 2.4 mm s −1 and the distance between scanning lines is 0.8 mm which is about half of the ID of the quartz tube. These scanning parameters are chosen to help improve treatment uniformity and avoid heat accumulation. During scanning, the RF jet is tilted at θ = 30°. Three treatment distances of d = 4, 6 and 8 mm from the end of the nozzle to the top of the surface are investigated. To study the composition effect of the gaseous environment on PSI, the material is processed in both uncontrolled (humid room air) and controlled environments using a sealed 50 L chamber that is evacuated to 8 × 10 −5 Torr and then refilled to atmospheric pressure with desired N 2 /O 2 /H 2 O mixture. Water vapor is generated by a custom-built delivery system utilizing a MKS M330AH mass flow controller (MFC). The inlet of the MFC is connected to a sealed cylinder in which liquid water is contained, while the outlet of the MFC is connected to the dry feed gas line of the plasma jet. The temperature of the MFC (135 °C), water cylinder (110 °C) and connecting pipelines (110 °C) is controlled by proportional-integral-derivative (PID) controllers. The film thickness and surface chemical composition change of model polymers are investigated to show the interaction of RF jet with surfaces. Polymers are characterized by both in situ and ex situ ellipsometry [16] using 1.5 mW HeNe laser at 632.8 nm as shown in figure 1(b). An optical model is applied to the raw ellipsometric data to extract polymer thickness and refractive index. To avoid contamination and removal of plasma induced weakly bound species by the exposure of surfaces to ambient air [15] , the processing chamber is immediately evacuated and polymer samples are transferred through vacuum to a x-ray photoelectron spectroscopy (XPS) system (Vacuum Generators ESCALAB MK II) for surface chemical composition analysis. The treated surface area is 1 × 1 cm 2 for ellipsometry and 2 × 2 cm 2 for XPS.
Results and discussion
The first observation concerns the significant polymer etching by the RF jet. In humid room air environment, polymers processed using pure Ar or Ar + 1% admixture show thickness reduction at all three (4, 6 and 8 mm) treatment distances. Figure 2 shows the dependence of polymer etching depth on feed gas chemistry and treatment distance using in situ ellipsometry. The total amount of removed C atoms is estimated by the etching depth and the density of each model polymer (1.04 g cm
, 1.18 g cm −3 and 1.19 g cm −3 for polystyrene, PMMA and PVA, respectively). Ex situ thickness change evaluation, i.e. comparing film thickness between pre-and post-treatment, agrees well with the in situ data. When comparing different feed gas chemistries, we find that pure Ar plasma is generally less effective than Ar plus 1% molecular feed gas admixtures if experiments are performed at constant plume length and with the required differences in dissipated power. For these conditions, Ar with 1% molecular gas admixture plasma generates more reactive species responsible for polymer etching than pure Ar whose effect is mainly from the VUV [18] and ambient gas entrainment [27] . At the same treatment distance Ar + 1% O 2 plasma shows significantly more etching than other feed gases. The maximum instantaneous etch rate at 4 mm can be 100-500 nm min −1 depending on the polymer treated.
Former reports of the same plasma jet have shown that Ar + 1% O 2 plasma has lower electron temperature and density [28] , and produces less NO but more atomic O [29] than Ar + 1% air plasma. Along with results shown in figure 1, we infer that atomic O plays an essential role for polymer etching in the case of Ar, Ar + 1% O 2 and Ar + 1% air plasma. When comparing the impact of treatment distance for each feed gas, we find that the polymer etching depth decreases linearly with the distance away from the nozzle. This is consistent with the observed linear decrease of the atomic O density with distance in the gas phase reported for the same jet [25] . The numerical simulations indicate that this linear decrease of atomic O density with the distance results from the destruction of O atoms by the impurities from the environment [25] . Besides, the reduction of virucidal activity of feline calicivirus (FCV) also decreases with increasing treatment distance by the same RF plasma jet as reported in literature [30] . It is worth mentioning that due to the strong VUV photon absorption of O 2 , the VUV effect from Ar excimers is minimal in Ar + 1% admixture plasma [18] .
To evaluate the relation between polymer etching and estimated incident atomic O flux, the C flux leaving the surface versus the O flux bombarding the surface is plotted in figure 3 for polystyrene, PMMA and PVA treated by Ar + 1% air plasma. The average O flux is estimated from the measured and simulated gas temperature and spatial O density profiles of Ar + 2% air plasma [25] by using equation (1) from the kinetic theory of ideal gas:
Here Φ is the average gas flux, n is the gas density, v is the average speed, R is the gas constant, T is the gas temperature, M is the atomic weight of O. For our plasma conditions, the O density and gas temperature used at 4 mm, 6 mm and 8 mm are 8 × 10 15 cm −3 420 K, 5 × 10 15 cm −3 390 K and 2 × 10 15 cm −3 375 K, respectively. For additional information about the RF jet, the reader is referred to more detailed descriptions by Bruggeman et al on the plasma properties, i.e. n e , T e and T g [21] , flow dynamics [22] and production of NO [23] , O, O 3 [24] . The C flux is calculated from the measured etching depth of the three polymers treated by Ar + 1% air plasma. The experiments show little difference in O density between 1 and 2% molecular admixtures into the Ar feed gas when the power is in excess of 3 W and gas flow rate is between 1 and 5 slm [31] . Figure 3 indicates that the removed C flux is proportional to the estimated incident O flux, and a similar etching reaction probability of O atoms (slope of the curves in figure 3 ) is seen for all three polymers which is roughly 1.8 × 10 −4 -3.3 × 10 −4 . It is worth noting that although the value of the O/C ratio depends on the accuracy of measured O density spatial profile, the order of magnitude we estimated here agrees with that seen in other work [32] . However Benedikt et al estimated the etching reaction probability to be ~10 −2 by matching the profile of He/O 2 micro-plasma treated hydrogenated amorphous carbon (a-C:H) films to the simulated O flux profile at the surface [33] . In regard to the difference between the model systems used in these reports, the exact O/C ratio value might need further investigation.
Furthermore, compared to the O density of air admixtures in Ar feed gas, O 2 admixtures yield a 2.5 times higher O density at similar plasma power [24, 34] . This value is in good agreement with the ~2 times higher etching rate for Ar + 1% O 2 compared to Ar +1% air. For Ar + 1% H 2 O plasma we expect more OH species which may impact polymer etching and will be discussed in more detail below.
Surface chemical composition of plasma processed polystyrene films in N 2 environment with 4 mm treatment distance is shown in figure 4 . Since C and H-based pristine polystyrene contains no O and N, this makes it ideal for studying O and N uptake on surface as a result of plasma treatment. The most distinctive feature of the RF jet etched polystyrene surface is oxidation, especially the formation of carbonate ester (O-CO-O) groups. As shown in figure 4(c) , the O 1s spectrum of polystyrene treated by both Ar + 1% O 2 and Ar + 1% H 2 O plasma in N 2 environment shows a peak (533.9 eV) which can be assigned to carbonate ester. Correspondingly, the C 1s spectrum of treated polystyrene also shows a carbonate ester peak at 290.2 eV ( figure 4(a) ). Other surface changes include the damage to the polymer carbon backbone (C-C/H at 285 eV) and phenyl ring (π-π * shake-up at 291.7 eV) along with the formation of C-O (286.5 eV), O-C-O/C=O (288 eV) and O-C=O (289 eV) groups. As to surface N, the N 1s spectrum ( figure 4(b) ) only shows a weak NO signal, despite the fact that the gas phase NO density measured by laser-induced fluorescence (LIF) and molecular beam mass spectrometry (MBMS) [35] is very high (between 10 20 and 10 21 m
−3
). The surface chemical composition of polystyrene treated by other plasma conditions, such as different feed gases or environment gaseous compositions, were also studied. They all exhibit the same functional groups as shown in figure 4 , although relative amount differs. Therefore, we show elemental compositions obtained from the XPS raw data in the rest of this report.
To explore the effect of H 2 O on polymer etching by the RF jet, Ar + 1% O 2 /H 2 O mixtures with various O 2 /H 2 O ratios were used as feed gas to treat polystyrene surfaces. Pure N 2 was used as the processing environment to exclude interaction of environmental O 2 with the plasma plume or polystyrene surfaces. Therefore all observed surface oxygen originates from the feed gas. In figure 5 This indicates that: (1) the species responsible for etching in Ar + 1% O 2 plasma and Ar + 1% H 2 O plasma are different, and (2) the reactive species generated in Ar/O 2 plasma and Ar/ H 2 O plasma interact and might be mutually exclusive with each other. In the surface reaction model proposed by Dorai and Kushner [32] , O and OH both initiate the attack of polymers by H abstraction. Compared to other species available with sufficient densities at the polymer surface, e.g. O 2 (a 1 Δ g ), O 3 , N, NO, H and HO 2 , the reactivity of O and OH is several orders of magnitudes higher for hydrogen abstraction from either the carbon backbone or the aromatic ring and these reactions of O and OH initiate polymer ablation and further surface oxidation [32] . For non-water containing plasma the above results, especially figure 3, show great consistency with the notion of atomic O initiating the etching process. In agreement with the literature [32] , it is also reasonable to assume that OH species are the controlling factor for high rate polystyrene etching by Ar + 1% H 2 O plasma as seen here. The reduction of etching depth by mixing a small amount of H 2 O into Ar/O 2 plasma observed in figure 5(a) can be explained by the processes proposed by Gaens et al who has reported the reduction of atomic O density when adding H 2 O into Ar + 2% air plasma of the same RF jet [25] . Water addition to the plasma leads to the generation of H-containing species, such as H, OH and HO 2 , which cause the loss of O atoms through reactions (2)- (4) 
In fact these processes are a cycle in which the H atoms, after being generated from H 2 O, are converted into HO 2 radicals (reaction (3)) which are subsequently reduced to OH (reaction (4)). The cycle ends with a further reduction that creates H atoms again (reaction (2)). These reactions give rise to a net production of one O 2 molecule from a net loss of two O atoms [36] . Our finding on the reduction of etching depth by mixing a small amount of O 2 into Ar/H 2 O plasma further suggests that feed gas O 2 and its related reactive oxygen species (ROS) could also quench OH radicals through destruction pathways such as reaction (2) . We plan to further investigate this mechanism using direct measurement of OH densities. On the right Y-axis of figure 5(a), surface elemental composition of treated polystyrene is plotted against the feed gas O 2 / H 2 O ratio. As shown by the dotted lines, the surface C and O composition are proportional to the feed gas O 2 concentration rather than the etching depth (black solid line). This indicates that for the RF jet the surface chemical modification is not the rate limiting step for the etching process. [37] . Alternatively, with more O 2 and consequently more ROS in the surrounding environment of the material surface, the reactive radical sites on etched polymer surface may quickly combine with these species and thus cause the increase of surface elemental O composition as shown in figure 5(b) . In addition, we also studied the environmental H 2 O effect on Ar + 1% O 2 plasma by adding 1% and 2% humidity into N 2 ambient. The result is similar to directly mixing H 2 O into Ar/O 2 plasma: compared to dry N 2 ambient the etching depth of 1% and 2% humidity drops from 33.6 nm to 29.3 nm and 22.5 nm, respectively.
The relatively fast polymer etching and carbonate ester rich surface after etching is very characteristic of this RF jet. We have investigated other atmospheric pressure plasma sources using similar approaches, e.g. a surface micro-discharge (SMD) for which we see no etching [12, 19, 20] . A key difference is the higher OH and O densities generated in the RF jet effluent due to the higher power density and less O 2 near the surface compared to the kHz driven SMD.
Conclusion
In summary, we have demonstrated that a time modulated RF jet in close proximity to model polymer surfaces induces relatively fast etching and characteristic carbonate-ester formation along with minor NO uptake on the polymer surfaces. For these treatment conditions, short lived species, especially O atoms and OH radicals, play an essential role in the polymer etching process. The etching reaction probability of atomic O with different model polymers based on the ratio of removed C flux to incident O flux is estimated to be 1. 
